Abstract-This study investigates the cost and benefits associated with supplying Abu Dhabi with desalinated ballast water brought in with oil tankers and liquefied natural gas (LNG) vessels under different domestic water demand scenarios. Traditionally, the ballast water is discharged directly into the sea which has severely negative impact on the marine environment. The International Maritime Organization (IMO) is in the process of setting up a regulation requiring ballast water to be treated before it is discharged. To meet the requirement, desalinating the ballast water and supplying it to the local residents is one of the efficient ways. We analyze water trade of ballast water desalinated with waste heat generated from the propulsion of Oil Tanker and LNG vessels under different domestic water demand scenarios. Results show that in addition to the marine environmental benefit, ballast water trading will generate a cost saving in the range of $771.5 million to $602.0 million between 2012 and 2030 depending on the realized domestic demand for water in Abu Dhabi.
I. INTRODUCTION
Abu Dhabi highly depends on the desalination to treat the seawater due to lack of freshwater resources as a result of its harsh climatic environment. The economic boom of the emirate in the past decade has resulted in a substantial growth of fresh water demand. Currently, there are eight desalination plants in Abu Dhabi. To meet the growing water demand, more desalination plants need to be built. However, desalination plants are expensive to build and operate. Abu Dhabi is in the quest of identifying a new approach to increase water supply to meet the growing freshwater demand. Treated ballast water may be one of the solutions to explore given that it is environmental friendly, and is claimed to be cheaper than conventional desalination at some circumstances.
Abu Dhabi is one of the major oil exporting economies in the world. In 2009, the emirate exported 2.3 million barrels of oil per day (bpd). Oil is exported primarily from the port of Fujairah [1] . It has the fifth largest gas reserve in the world. Approximately 93% of the gas exporting from Abu Dhabi goes to Japan through liquefied natural gas (LNG) carriers with long term contracts [2] . The extensive oil and gas exporting activities introduce a large amount of ballast water to the marine area of Abu Dhabi.
According to IMO estimates, 10 billion tons of ballast water is transported and discharged around the world every year. Fig. 1 shows how ballast water is used to maintain the stability of ships. For crude oil tankers and LNG vessels, most ballast water tanks are located in the bottom of the ships. In general, ballast water is uploaded to these ships at the oil and gas importing ports at the time when oil and natural gas are offloaded to the port. It balances the ship during the return route to oil and gas exporting countries, and is discharged to the sea at the destination ports. Ballast is normally untreated when it is discharged to the sea. As a result, non-native species that are uploaded along with the ballast water to the vessels will be discharged to the seas which affect the local marine environment (Fig. 2) . Scientists estimate that as many as 3,000 alien species are transported by ships around the world every year. The alien species may become invading species when they impair the local ecosystem [3] . Furthermore, foreign organisms including bacteria, microbes, eggs, cysts and larvae have posted threat to local species in the host environment [4] - [9] . To mitigate the environmental impacts associated with the dumping of ballast water, IMO is in the process of implementing a mandatory regime of mid-ocean ballast water exchange [8] , [9] . In the absence of ballast water exchange, the vessel needs to remove foreign organism from ballast water before discharging the ballast water into the sea. Technology wise, ballast water treatment methods using chemical, heat, filtration, or ultraviolet radiation technologies have been developed. In general, these technologies can be implemented either on-board or onshore [8] . This paper performs cost benefit analysis to identify the direct benefit of desalinating ballast water on-board using energy generated from the recovered waste heat from propulsion of the vessels under three different water demand forecasts scenarios.
The rest of this paper is organized as follows: Section II introduces different strategies and scenarios. Section III presents the model. Section IV shows the results. Section V concludes the analysis.
II. DECISIONS AND SCENARIOS
We identify the economic benefit of supplying Abu Dhabi with desalinated ballast water from oil and natural gas trade under various desalination strategies, water demand scenarios as well as domestic desalination capacity development schemes. This section first discusses two desalination strategies under consideration. Then it presents three water demand scenarios and two domestic desalination capacity development schemes.
A. Desalination Strategy
Our analysis comprises 2 water trading strategies to meet domestic water demand. In the first strategy, untreated ballast water is transferred onshore for desalination at the nearby plant to meet IMO requirements. In the second strategy, ballast water is desalinated on board the vessels during voyage using waste heat recovered from propulsion. Once reaching the port, this desalinated water is then transferred onshore for polishing at a standalone polishing plant before it is sold to the local market.
B. Domestic Desalination Capacity Development Schemes
We consider two domestic desalination capacity development schemes. In this first scheme, domestic fresh water shortage is met by new onshore desalination capacity regardless of the availability of desalinated ballast water. In the second scheme, domestic desalination capacity is added only when desalinated ballast water is insufficient to cover the water shortage. More specifically, the new onshore desalination capacity to add is set equal to the water shortage net of desalinated ballast water.
C. Water Demand Scenarios
Three scenarios have been considered, which are high water demand, most likely water demand and low water demand.
The baseline forecast produced by the Abu Dhabi Water and Electricity Company is used as the most likely scenario.
III. THE MODEL
We develop a simple model to calculate the difference between the direct costs and opportunity cost associated with the implementation of on-board ballast water desalination for Abu Dhabi. We break down the direct cost and opportunity cost into the following components:
A: Capex + Opex of treating ballast water to meet IMO requirements S: Capex + Opex of desalinating ballast water on-board the ship K: Opex of onshore desalination Q: Capex + Opex of port infrastructure M: Opex advantage of desalination with ballast water versus Gulf sea water M is ignored in this analysis as there is no major cost advantages associated with MSF desalination, the dominating desalination technology deployed in the Middle East region. Given that the direct cost and opportunity cost of the 2 strategies vary with water trading strategy, port configuration, and onshore capacity development rule, we calculate the economic value added of each scenario using the equations as summarized in Table II: 
The economic value added is calculated in net present value (NPV) to provide a comparable result. For on-board desalination, we collect detailed data on the cost components of non-fuel versus fuel costs to identify the breakeven pump efficiency rate for feasible on-board ballast water desalination. The net present value for a desalination strategy 
where NF = No fuel opex ($/year); BW = ballast water to treat (m3/year); PE = pump efficiency (KWh/m3); PB = Power generation rate with bunker (KWh/t); BP = bunker fuel price ($/ton); In = inflation rate (%); and r = interest rate (%).
IV. DATA AND ASSUMPTIONS
The water demand shortage data is acquired from the Abu Dhabi Water & Electricity Company [10] shown in Table I . In Strategy I, all the water demand will be supplied by the desalination plant. So the desalination plants requirement is equal to the water demand shortage. In Strategy II, to meet the water demand shortage, first, we calculate the ballast water capacity potential by adding the oil and natural gas export volume together. The annual growth rates for the Middle East oil and natural gas export are calculated using the projection of Middle East oil and natural gas export in BP Energy Outlook 2035 by British Petroleum (BP) [11] . The result for annual growth rates are 0.624%, 0.601% respectively for oil and natural gas export from 2012 to 2030. Since the United Arab Emirates (UAE) is one of the members of the Organization of the Petroleum Exporting Countries and Abu Dhabi is the major exporter of UAE, we assume the growth rates for oil and natural export in Abu Dhabi are the same as rest of the Middle East oil and gas exporters. Using 138,801,533.5 m 3 as the oil export and 16,910,175 m 3 as the natural gas export of Abu Dhabi in 2012 [12] , the annual oil and natural gas export projections are calculated with Equation 2.
where i t E = the export of i (i = oil, natural gas) in year t. g = annual growth rate. The ballast water capacity is the sum of desalinated ballast water that can be derived from both oil and natural gas trades and is shown in Table III . Second, we know the ballast water desalination system cannot cover all the water demand shortage. Thus the new desalination plants need to be built to meet the remaining demand of the water shortage. The capacity is calculated by deducting the ballast water capacity from the water shortage.
Data and assumptions used in the analysis are summarized in Table IV with corresponding reference. It is assumed that all water treatment and water production plants operate at maximum capacity. Onshore Desalination capital expenditure is estimated with Capex for equivalent treatment capacity of 400,000,000 m 3 /day. The operating expenditure is estimated with the average cost of desalination technologies used in the UAE, which include Multi-Stage Flash (MSF), Reverse Osmosis (RO) and Multi Effect Desalination (MED). Capex for ballast water treatment system is determined by the chosen treatment technology and is estimated to be $4,500,000/ship while the on-board Opex is $0.36/m 3 [16] . The required capacity for on-board desalination is determined by the minimum of the amount of ballast water on the oil and LNG tankers and Abu Dhabi water demand projection. We then estimate on-board desalination Capex with equivalent onshore capacity Capex by assuming the same technology is applied [15] , [16] . Capex for port facility includes the costs of storage, pumps, and pipeline, whereas the Opex involves labour, pumps electricity consumption, insurance and maintenance which estimated just about $0.0077 m3/d [16] . It is obvious that the above assumptions will have direct impacts on the analysis results. Similarly, uncertainties relevant to our analysis, which include future water demand, natural gas price and bunker fuel price may also affect the economic value added. Here we focus on the major uncertainties to provide benchmark information.
V. RESULTS
The total requirements of conventional desalination plant and ballast water desalination system under different strategies from year 2012 to year 2030 are listed in Table V Table VI . The NPVs of each cubic meter water in Strategy I are more expensive than those in Strategy II which includes the Ballast Water desalination system. Table VII shows the NPVs of different strategies under different water demand forecast scenarios given by the multiplication of costs of each cubic meter water and total requirements. Implementing the Strategy II instead of Strategy I will save $771.5 million, $717.8 million, and $602.0 million in three water demand forecast scenarios. All calculations are done under the assumptions that Bunker fuel price = $600/ton and Pump electricity/fuel conversion rate = 5000 kwh/ton, the pump efficiency rate for feasible on-board ballast water desalination is 1.5 KWh/m3.
VI. CONCLUSION
Our analysis shows that the implementation of the on-board ballast water desalination system generates a saving of 771.5 million dollars, 717.8 million dollars, and 602.0 million dollars respectively for three water demand scenarios. In sum, implementing the ballast water desalination system in Abu Dhabi is economically feasible.
In addition to economic benefits, on-board ballast water desalination will also contribute to environmental and health gains. The results of our analysis indicate that ballast water-based water trade may have great potential to contribute to cost efficient water supply in the Gulf Cooperation Council (GCC) countries. It may also contribute to the welfare of non-water sectors such as the tourism, fishing and shipping industries. Future studies may explore the environmental benefits from on-board desalinated ballast water as a source of water supply in the region.
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